Chondrichthyes, which include Elasmobranchii (sharks and batoids) and Holocephali (chimaeras), are a relatively small group in the Mediterranean Sea (89 species) playing a key role in the ecosystems where they are found. At present, many species of this group are threatened as a result of anthropogenic effects, including fishing activity.
Introduction
Species diversity gradients have been identified since the late 19 th century [1] affecting marine species richness [2] . Explaining the spatial trends of species distribution is of major importance in any biogeographic study, as they affect a set of species in a similar way. Marine species richness increases from the poles to the equator (latitudinal diversity gradient), similarly to what occurs in the terrestrial environment [2] . The climatic stability of the tropical seas has been Editor: Athanassios C. Tsikliras, Aristotle University of Thessaloniki, GREECE
proposed as the main mechanism explaining this pattern of species diversity [2] . Longitudinal distribution gradients in species richness in the marine environment have also been observed, and they are usually linked to historical processes [2] . Although the existence of these diversity patterns has been widely accepted, there are currently many ecosystems and specific environments for which the existence of a geographic trend in species richness is unknown [2] . Extinction-recolonization processes associated to geographical features have been used to explain the gradients observed in peninsulas (piece of land that is bordered by water but connected to mainland through one isthmus) [3] [4] [5] , although these kinds of processes have never been linked before to explain analogous marine spatial patterns of species richness. The Mediterranean Sea is a semi-closed sea, where oceanographic phenomena occur on a relatively small scale [6] . This sea could be seen as a marine "peninsula" as it was bordered by land, and only connected to the Atlantic Ocean through the Strait of Gibraltar, until the construction of the artificial Suez Canal. Moreover, during the Messinian salinity crisis [7] [8] it suffered a process of extinction followed by a later recolonization. Thus, during this period, the Mediterranean Sea became a concentration basin, i.e., the contributions of rivers did not balance the evaporation losses [6] . Therefore, once interrupted the connection with the Atlantic Ocean, a process of gradual and almost complete desiccation of the Mediterranean Sea occurred in less than a thousand years. Two hundred thousand years later, the Atlantic water flow refilled the Mediterranean basin, in what is called the Zanclean flood.
Chondrichthyes, which include Elasmobranchii (sharks, rays, skates and sawfish) and Holoephali (chimaeras), have been successful in diverse ecosystems for over 400 million years. Despite their success, they are currently under threat as a result of human activities, including fishery [9] . Chondrichthyes play a key role in the ecosystems where they are found [10] , many of them as apical predators. Some Elasmobranchii species are facing population declines in their distribution area [11] [12] . Therefore, it is important to improve the knowledge of their spatial patterns and distribution areas. Recent studies have found that Elasmobranchii show a longitudinal gradient in the Mediterranean Sea [13] . However, no more than five batoid species could be considered Mediterranean endemic species [14] : the Maltese skate (Leucoraja melitensis), the speckled skate (Raja polystigma), the Mediterranean starry ray (Raja asterias), the rough ray (Raja radula), and the giant devilray (Mobula mobular).
The Suez Canal is an artificial sea-level waterway in Egypt, connecting the Mediterranean Sea to the Red Sea through the Isthmus of Suez. It was constructed by Ferdinand de Lesseps towards 1869. Since then, many alien species, considered as Lessepsian invasive species, have become established in the Mediterranean Sea making use of this pathway. Four Chondrichthyes are considered Lessepsian species [15] [16] : Carcharhinus altimus, Carcharhinus melanopterus, Himantura uarnak and Torpedo sinuspersici, although the status of Carcharhinus altimus as Lessepsian species has been questioned [17] . On the other hand, it is possible to consider as vagrant or visitor species in the Mediterranean Sea the following: Carcharhinus falciformis [17] , Pristis pristis [18] , Pristis pectinata [18] and Hydrolagus mirabilis [19] .
The objective of the present study was to analyze the spatial patterns of the distribution of Chondrichthyes species in the Mediterranean Sea, and testing historical and ecological explanatory hypothesis of these patterns by using spatial distribution models.
Material and methods

Data source
The distribution of Chondrichthyes species recorded in local checklists is mainly referred to countries. For this reason, it is difficult to assign a species record to a point or local area. This issue has been solved by the General Fisheries Commission for the Mediterranean (GFCM, FAO) by adapting Res. GFCM/33/2009/2 (Establishment of Geographical Sub-Areas in the GFCM area). Geographical Sub-Areas (GSAs) have been defined according to multiple criteria, including the jurisdiction of each riparian country and distribution of fleets and fishing areas. GSAs were used in this study to facilitate the preparation of data. Likewise, the GFCM provides the Geographical Information System shapefiles. Nevertheless, the 30 Mediterranean GSAs defined by the GFCM (http://www.fao.org/gfcm/data/map-geographical-subareas/en/) were assembled into 16 Operational Geographical Units (OGUs) [19] by linking different GSAs of the same country, since most databases provide information about species presence in each country. The 16 OGUs, i.e., marine geographical areas, were built for operative reasons (see Fig 1 and Table 1) .
General sources (i.e., compendia of records) were used to perform the list of Chondrichthyes species cited in the areas included in each OGU [17, [20] [21] [22] [23] . Likewise, data from the distribution maps produced by the IUCN Shark Specialist Group (available on the website www.redlist.org) until October 2015 were assembled. Furthermore, an active search of updated citations from the last 35 years was performed for each record considered as dubious, and other new records (Table 2) (S1 Table) . According to the synonyms, accepted names from Fishbase were used [21] .
On the other hand, some records, i.e., Sphyrna tudes and Galeocerdo cuvier have been questioned. However, the remains of G. cuvier (deposited in the Museum Alborania of Malaga) were examined and they certainly correspond to G. cuvier. Moreover, recently was confirmed the presence of G. cuvier from Mediterranean Sea by captures of juveniles specimens in Libya [24] . Therefore, in this study, these citations have been considered as records of vagrant species.
Methods and statistical analysis
The Chondrichtyes Species Richness (CSR) of each OGU was obtained from the total number of species present by OGU (S1 Table) . Latitude and longitude of each OGU were calculated with a geographic information system (ArcGis 10.3 program). Centroid coordinates of each OGU were calculated and their values of latitude and longitude were inferred. These values were used to assess the existence of a geographical gradient in CSR.
The correlation between the CSR of each OGU with the latitude (abbreviated as LAT) and longitude (abbreviated as LON) of each OGU centroid (to assess the spatial gradient) [26] [27] was tested.
Linear multiple regressions were performed to test monotonic responses of CSR predicted by several historical, ecological and environmental factors. The best fit among significant regressions, with different degrees of freedom in accordance with the highest F-value, was selected. The normality of variables was previously tested with the Shapiro-Wilk test [28] . Six variables were selected: Sea Surface Temperature (SST), Salinity in Depth (SD), the OGU Area (OAR), number of taxonomic Families of bony fishes per OGU (FAM), Distance from the centroid of each OGU to the Strait of Gibraltar (DISTG) and Distance from the centroid of each OGU to the Suez Channel (DISTS) ( Table 3) .
The variables, i.e., OAR, DISTG and DISTS, were calculated with ArcGIS spatial analysis tools (ArcGIS 10.3 program), while SST and SD were estimated from the data provided by NOAA (National Oceanic and Atmospheric Administration) [29] . They were referred to the mean between the years 2005-2010 for the available data. The number of taxonomic families of bony fishes per OGU (FAM) was obtained from Fishbase [21] . In a second step, the Lessepsian, vagrant, visitors, and highly migratory species were removed from the analysis. According to the specialist group of sharks of the International Commission for the Conservation of Atlantic Tunas (ICCAT), the Elasmobranchii species considered as pelagic, oceanic and highly migratory in the ICCAT Convention area are: Carcharodon carcharias, Isurus paucus, Lamna nasus, Cetorhinus maximus, Alopias superciliosus, A. vulpinus, Carcharhinus falciformis, Sphyrna lewini, S. mokarran, S. zygaena, Pteroplatytrygon violacea and Mobula mobular [30] .
Results
A total of 89 species of Chondrichthyes were recorded in the Mediterranean Sea, of which 49 are sharks, 38 are rays and 2 Holocephali species (Chimaera monstrosa and Hydrolagus mirabilis). Annex (see S1 Table) shows the list of species by OGU, including their habitat (pelagic or demersal). The average number of Chondrichthyes observed species by OGU is 66.
Of the Chondrichthyes species from the Mediterranean Sea, 57 species were assessed in the IUCN Red List of Threatened Species [25] .
In the Mediterranean Sea, a total of 41 species of Chondrichthyes are found in all the 16 OGUs. Of these 41 species, 25 are sharks and 16 are Batoidea.
A significant negative correlation between CSR and the longitude of the centroid of each OGU (LON) (r = -0.822; P < 0.001) was found, but the highest correlation was observed with the distance to the Strait of Gibraltar (see Table 4 ). If Lessepsian, vagrant, visitors, and highly migratory species of Chondrichthyes previously mentioned are removed from the analysis, taken together and separately, similar results were obtained (Table 4) . Table 3 . Independent variables used in this study for each Operational Geographical Unit (OGU). Key: LAT, latitude (degrees); LON, longitude (degrees); OAR, the OGU area (km 2 ); DISTG, distance from the centroid of each OGU to the Strait of Gibraltar (km); DISTS, distance from the centroid of each OGU to the Suez Canal(km); SST, sea surface temperature (˚C); SD, salinity in depth (PSU); FAM, number of taxonomic families of bony fishes for each OGU. 
UGOs
If Lessepsian, vagrant, visitors, and highly migratory species of Chondrichthyes previously mentioned are removed from the analysis, taken together and separately, then DISTG was the only or the most explanatory variable ( Table 5 ). The number of species in the Eastern Mediterranean region might have increased recently due to Lessepsian migration of species of the group considered here. By discarding the Lepssepsian species, the linear model between species richness and dependent variables improved its fitting (R 
Discussion
According to our results, the best explanatory variables of CSR distribution are the distance from the centroid of each OGU to the Strait of Gibraltar (DISTG) and the number of taxonomic families of bony fishes in each OGU. Moreover, if Lessepsian, vagrant, visitors, and Spatial distribution of Chondrichthyes in the Mediterranean Sea highly migratory species of Chondrichthyes previously mentioned are removed from the analysis, taken together and separately, then DISTG is the most important variable in all the cases. Thus, two possible explanatory hypotheses could support this geographical distribution in CSR: Historical causes (i.e., extinction followed by a recolonization process and a "peninsula effect"), and the Mediterranean Sea as an ecological sink. Due to the Messinian salinity crisis aforementioned, the Mediterranean suffered almost total desiccation, becoming extinct many of the marine species; some of them recolonizing the Mediterranean Sea once opened and refilled again with Atlantic waters [7] . This could explain the low level of endemism of Chondrichthyes in the Mediterranean Sea [9, 14] . Thus, our results suggest that this event has left a mark on the species richness distribution pattern. This pattern is consistent with the hypothesis of the extinction-recolonization process of the Mediterranean Sea by Chondrichthyes from the Atlantic Ocean. This process could persist at present by the "peninsula effect" caused by the role of the Strait of Gibraltar as an isthmus for the entrance of the species to the Mediterranean Sea, making the proximities of the Strait of Gibraltar more accessible to the Atlantic species. Consequently, the Messinian crisis and the geographical structure of the Mediterranean Sea as a marine peninsula, could be the main drivers of the longitudinal gradient of CSR reported before [13] , and similarly to the gradient of species richness found in terrestrial peninsulas from the isthmus to the furthermost edge [3] [4] [5] .
The other explanation for this longitudinal gradient could be related to the possible role of the Mediterranean Sea as an ecological sink. With regard to this hypothesis, when modeling CRS by removing from the analysis the highly migratory species from the Mediterranean Sea (this species set could be mainly affected by the ecological sink effect) a similar model was obtained (to see Table 4 ). Therefore, the basis of the ecological sink hypothesis does not explain properly the Mediterranean CSR.
With regard to the other ecological and environmental factors, distance from the centroid of each OGU to the Suez Canal (DISTS), latitude (LAT), salinity in depth (SD), and sea surface temperature (SST), the relation observed was in some or all cases significant. However, in all cases, CSR was best correlated with DISTG than with the other variables (to see Table 4 ). This suggests that the correlation between CSR and the other variables is based on the DISTG-CSR relationship.
Latitude is only correlated with CSR, without considering Lessepsian species (LCSR) and highly migratory species (HCSR). However, latitude is related to longitude, as the easternmost OGUs are also the southernmost ones and, consequently, the most outlying areas to the Strait of Gibraltar.
The second variable used in the multivariate model was the number of taxonomic families of bony fishes per OGU (FAM), showing a positive relation with CSR. FAM summarized the availability of different prey types at each OGU, suggesting that CSR is also affected by some ecological processes.
In conclusion, the extinction-recolonization process, the "peninsula effect", and the availability of preys altogether, constitute the main historical and ecological factors that could explain the current distribution of Chondrichthyes species in the Mediterranean Sea.
Supporting information S1 Table. Checklist of Chondrichthyes species recorded in the Mediterranean Sea, and occurrence for each Operational Geographical Units (OGUs) and reference notes. According to the synonyms, accepted names from Fishbase were used [21] . (XLSX) 
